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Decreased vitamin B12 availability induces ER stress 
through impaired SIRT1-deacetylation of HSF1 

R Ghemrawi 1 , S Pooya 1 , S Lorentz 1 , G Gauchotte 1 , C Arnold 1 , J-L Gueant* 1,2 and S-F Battaglia-Hsu* 1,2 

Vitamin B12 (cobalamin) is a key determinant of S-adenosyl methionine (SAM)-dependent epigenomic cellular regulations 
related to methylation/acetylation and its deficiency produces neurodegenerative disorders by elusive mechanisms. Sirtuin 1 
deacetylase (SIRT1) triggers cell response to nutritional stress through endoplasmic reticulum (ER) stress. Recently, we have 
established a N1E115 dopaminergic cell model by stable expression of a transcobalamin-oleosin chimera (TO), which impairs 
cellular availability of vitamin B12, decreases methionine synthase activity and SAM level, and reduces cell proliferation. In 
contrast, oleosin-transcobalamin chimera (OT) does not modify the phenotype of transfected cells. Presently, the impaired 
cellular availability of vitamin B12 in TO cells activated irreversible ER stress pathways, with increased P-elF-2a, P-PERK, 
P-IRE1a, ATF6, ATF4, decreased chaperon proteins and increased pro-apoptotic markers, CHOP and cleaved caspase 3, through 
reduced SIRT1 expression and consequently greater acetylation of heat-shock factor protein 1 (HSF1 ). Adding either B1 2, SIRT1 , 
or HSF1 activators as well as overexpressing SIRT1 or HSF1 dramatically reduced the activation of ER stress pathways in TO 
cells. Conversely, impairing SIRT1 and HSF1 by siRNA, expressing a dominant negative form of HSF1, or adding a SIRT1 
inhibitor led to B12-dependent ER stress in OT cells. Addition of B12 abolished the activation of stress transducers and 
apoptosis, and increased the expression of protein chaperons in OT cells subjected to thapsigargin, a strong ER stress 
stimulator. AdoX, an inhibitor of methyltransferase activities, produced similar effects than decreased B12 availability on SIRT1 
and ER stress by a mechanism related to increased expression of hypermethylated in cancer 1 (HIC1). Taken together, these data 
show that cellular vitamin B12 has a strong modulating influence on ER stress in N1E115 dopaminergic cells. The impaired 
cellular availability in vitamin B12 induces irreversible ER stress by greater acetylation of HSF1 through decreased SIRT1 
expression, whereas adding vitamin B12 produces protective effects in cells subjected to ER stress stimulation. 
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Cells are constantly exposed to environmental stresses 
including the abundance or lack of key nutrients and may 
respond rapidly by decreasing cellular key protein contents, 
as well as proliferation rate to ensure their survival. 1 One of 
these nutrients is vitamin B12, whose deficiency produces 
neurodegenerative and cognitive disorders by molecular 
mechanisms that remain elusive. The dissection of these 
mechanisms is of great importance, considering the key role 
of vitamin B12 during perinatal and aging processes when 
vitamin B12 deficiency is independently associated with 
abnormal cognitive development, 2 and with neurodegenera- 
tive diseases such as Alzheimer's disease and Parkinson's 
disease. 3-5 To impair cellular availability for vitamin B12, we 



have developed a NIE-115 dopaminergic cell model by 
anchoring transcobalamin, a high-affinity binding protein of 
vitamin B12, to endoplasmic reticulum (ER) through its fusion 
with oleosin. 6,7 The chimeric protein diminishes the bioavail- 
able vitamin B12 destined towards the cytoplasm and the 
mitochondria. Interestingly, whereas transcobalamin-oleosin 
(TO) chimera behaves as a very efficient chelator for 
cobalamin, oleosin-transcobalamin (OT) chimera shows no 
cobalamin-binding activity. In agreement with the role of 
vitamin B12 as a cofactor of methionine synthase, a reduced 
SAM level is only associated with TO cells; the phenotype 
of the OT-transfected cells is not different from either the 
wild-type non-transfected cells or the cells expressing 
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transcobalamin alone. 6 ' 7 The most discernible consequences 
found in TO cells include reduced proliferation, accelerated 
differentiation and augmented apoptosis. 7 ' 8 Reduced prolif- 
eration has also been observed in other vitamin B12-deficient 
non-neuronal cell models, including that created by the 
downregulation of transcobalamin receptor TCblR/CD320. 9 
These B12 deficiency-relevant changes are among the signs 
known to associate with early aging and death, and they bear 
certain resemblances to those observed in cells under stress. 
Vitamin B1 2 deficiency has never been documented to evoke 
any stress response directly prior to the current study, despite 
the fact that it can theoretically provoke ER stress indirectly 
through the accumulation of homocysteine. Exogenous 
homocysteine was first shown to increase significantly the 
expression of molecular chaperon GRP78/BiP (binding 
immunoglobulin protein) (a member of heat-shock protein 
(HSP) 70 family) and activating transcription factor 4 
(ATF4). 10 Presumably, these upregulations are related to 
the activation of the ER unfolded protein response (UPR), as 
ER stress proteins, such as X-box-binding protein (XBP), are 
activated after the addition of exogenous homocysteine. 11-13 
Sirtuin 1 deacetylase (SIRT1), the closest mammalian 
homolog of the yeast silent information regulator 2 (SIR2) 
protein, was originally identified as a transcriptional silencing 
factor at the silent mating loci, telomeres and ribosomal 
DNA. 14-16 Its overexpression was later found to extend the 
lifespan of yeast 17 and Caenorhabditis elegans. 18 Although 
the exact details of how SIR2 extends the lifespan remain 
still obscure, its role in maintaining genomic stability and 
repairing DNA, as well as its involvement in antioxidative 
stress response and insulin/IGF-l signaling probably are all 
relevant to the lengthening of lifespans. In mammalian cells, 
SIRT1 downregulation has further been linked with cell 
differentiation, aging, senescence and various pathological 
events such as insulin resistance and severe oxidative 
stress. 19 Its broader role as a stress-response protein was 
first brought to light by the discoveries that it interacts with 
both tumor protein 53 (p53) and forkhead box family protein 3 
(FOX03), and as a result blocks DNA damages as well as 
oxidative stress. 20 ' 21 Facilitated by its association with p53 
and FOX03, SIRT1 deacetylates these protein partners. 
Whereas SIRT deacetylation renders p53 less active in 
inducing apoptosis and senescence, the deacetylation of 
FOX03 by SIRT1 potentiates its transcriptional activity, 
leading to the upregulation of genes for cell cycle arrest 
and DNA damage repair. Another key player of the SIRTl- 
dependent stress response is heat-shock factor 1 (HSF1), 
whose activation increases the transcription of molecular 
chaperones such as HSP70 and HSP90. SIRT1 deacetylates 
HSF1 and potentiates its binding to the heat-shock 
promoter of the molecular chaperone genes. 22 Activation of 
SIRT1 thus participates in protecting cells from stresses 
related to damaged, misfolded or aggregated proteins. 
Besides its roles in DNA damage stress, oxidative stress 
and misfolded protein stress, SIRT1 participates in the stress 
response consequent to inadequate nutrients uptake. 23 ' 24 
SIRT1 expression is reduced in rodents fed with either diet 
deficient in methyl donors 25 or a high-fat/glucose (sucrose) 
diet. 26-29 The imbalanced acetylation/methylation of PGC-1a 
due to the reduction of SIRT1 expression produced an 



impaired fatty acid oxidation with myocardium hypertrophy 
in methyl donor-deficient young rodents 25 

Taken these data together, we thus asked whether vitamin 
B12 deficiency induces cellular stress through an altered 
expression of SIRT1. This article reports that cellular vitamin 
B12 availability, by controlling SI RT1 expression, modulates 
the severity of ER stress by influencing the extent of HSF1 
expression and acetylation in N1E115 dopaminergic cells. 



Results 

Impaired cellular availability of B12 induces ER stress. 

The presence of an important cell stress in B12-deficient TO 
N1E115 cells was first identified by the increase in level of 
the ER stress transducers, P-PERK, P-IRE1a and ATF6 
(Figure 1a and Supplementary Figure 1) and the increased 
phosphorylation of eukaryotic initiation factor 2a (P-elF2a) in 
TO versus control OT cells. As the high P-elF2a level in TO 
cells could be reversed upon the addition of vitamin B12 and 
SAM, we suggest this stress response to be vitamin B12- 
and methylation-dependent (Figure 1a and Supplementary 
Figure 1). As elF2a phosphorylation on serine 51 is the 
convergent response to a multiplicity of cellular stresses 
including those induced by nutritional means, we investigated 
subsequently the kinases involved in this upregulation. The 
large increase in P-elF2a level observed in TO cells was 
concluded as being mainly related to ER stress, considering 
the increased expression of PKR-like ER kinase (PERK) 
(Figure 1a) and the unchanged expression of the other elF2a 
kinases, namely double-stranded RNA-activated protein 
kinase (PKR), general control non-repressed 2 (GCN2) and 
heme-regulated elF2a kinase (HRI) (Supplementary 
Figure 2). As ATF6 activation during ER stress involves its 
translocation from ER to nucleus via Golgi apparatus, 30 we 
examined further the translocation of ATF6 using immuno- 
fluorescence approach and found that whereas in control OT 
cells nuclear ATF6 stain occurred in only ~ 10% cells, in TO 
cells it occurred in -20% of cells (P< 0.001) (Figure 1b). 
These results suggested that the activation of ATF6 indeed 
occurred after the regulated intra-membranous proteolysis 
(RIP) taking place in Golgi. 31 

XBP, ATF4 and pro-apoptotic markers are activated by 
ER stress in TO cells. ATF4 and XBP, two main immediate 
downstream effectors of the three stress transducers, as well 
as two pro-apoptotic proteins, CHOP and caspase 3, were 
subsequently investigated in TO and OT cells to evaluate the 
consequences of the ER stress produced by the impaired 
cellular availability of B12. ATF4 level was upregulated in TO 
cells (Figure 2a, upper panel) most likely as a result of 
integrated stress response related to the increased elF2a 
phosphorylation. The ATF4 activation could be reversed only 
by B12, but not by SAM. IRE1 a splicing of the XBP transcript 
from 1U->1S appeared also more important in TO cells 
(Figure 2a, lower panel), confirming further the activation of 
ER stress response in TO cells. The higher expression of the 
pro-apoptotic markers, CHOP and cleaved caspase 3, 
showed that TO cells were tuned towards irreversible stress 
and thus resulted in a compromised proliferation marked by 
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Figure 1 Impaired cellular availability of B12 induces ER stress, (a) Representative western blots of elF-2a, phosphorylated elF-2a (p-elF-2a), PERK, phosphorylated 
PERK (p-PERK), IRE-1a, phosphorylated IRE-1a (p-IRE-1a), and ATF6 obtained from B1 2-deficient TO cells and control OT cells before and after treatment with B12 at 
20 fM and with SAM at 75 fM, respectively. Densitometry analyses are presented in Supplementary Figure 2; (b) B1 2-deficient TO and non-deficient OT cells were stained 
with anti-ATF6 antibody coupled to Alexa 488 (green) and with DAPI (blue). The immunofluorescence density in the nuclei of the two types of cells were compared in more than 
300 cells and found to be significantly different at P< 0.0001 . Furthermore, the percentage of cells with nuclear ATF staining was compared in TO versus OT cells before and 
after B12 and SAM treatment. Before treatment, ATF6 nuclear localization was found in an average of 20% (TO) versus 10% (OT) cell population (***p< 0.001); after SAM 
and B12 treatment, this level reduced to about 13 and 10% in TO cells, respectively (*P<0.05). 



the decrease in Ki67 (Figure 2b and Supplementary 
Figure 3A). This maladaptation to stress was consistent with 
the greatly reduced expression of molecular chaperons 
including BiP, HSP70, HSP90 and HSP27 in TO versus OT 
cells (Figure 2c and Supplementary Figure 3B). As reduced 
molecular chaperon expression could be related to the state 
of acetylation in HSF1 by SIRT1 , we tested subsequently the 
idea that SIRT1 may be responsible for the ER stress 
induced by B12 deficiency. 



Increased acetylation of HSF1 through decreased SIRT1 
expression is responsible for ER stress in TO cells. 

SIRTl-dependent stress response involves HSF-1, a key 
stress-activated transcription factor capable of activating 
genes encoding HSPs. SIRT1 deacetylation of HSF-1 
potentiates its transcriptional activity. 22 Given the evidence 
that HSPs were significantly reduced in TO cells (Figure 2c 
and Supplementary Figure 3B), we asked whether the 
acetylation of HSF1 was associated to SIRT1 expression. 
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Figure 2 In B12-deficient cells, XBP, ATF4 and apoptosis are activated as results of ER stress. The downstream signaling pathways of ER stress are activated in TO cells. 
These include increased ATF4 expression and XBP splicing (a), as well as increased expression of CHOP and cleaved caspase 3 (b). The activation of these ER stress 
markers was related to the reduced level of molecular chaperons such as HSP 70 family members (c). Data were compared by one-way ANOVA with Fisher's test, with n = 8 
in each group, and presented as means ± S.E. (*P<0.05; **P<0.01) 



Western blot analysis using anti-acetyl lysine on the 
immunoprecipitated HSF1 revealed decreased expression 
and increased acetylation of HSF1 in TO cells (Figure 3a). 
This higher acetylation of the HSF1 in TO cells also affected 
its cellular localization (and thus its activity as a transcription 



factor), moving HSF1 from the nucleus to the cytoplasm 
(Figure 3b). Consistent with these results, the level of SIRT1 
(both the transcript and the protein) was reduced in TO 
versus OT cells and this reduction was B12-dependent 
(Figure 4a, P< 0.001). 
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Figure 3 HSF1 expression is decreased in TO cells with impaired cellular availability of B12. In TO cells, the HSF1 protein level is significantly reduced compared with that 
in control cells (P<0.01). In addition, the HSF1 protein present in TO cells is overwhelmingly acetylated (P<0.01) (a). Immunofluorescence staining of the HSF1 protein 
(green) in TO and OT cells reveals more TO than OT cells with weak nuclear HSF1 staining (P< 0.0001 ) (b). Data were compared by one-way ANOVA with Fisher's test, with 
n = 8 in each group, and presented as means ±S.E. (*P<0.05; **P<0.01) 



To confirm the link between SIRT1 and ER stress in these 
cells, we further investigated the ER stress response in cells 
treated with known SIRT1 activator and inhibitor. We applied 
on one hand SRT1720, a SIRT1 activator, to TO cells to 
restore their diminished SIRT1 activity, and on the other hand 
EX527, a SIRT1 inhibitor, to OT control cells to decrease their 
SIRT1 activity. As shown in Figure 4b, boosting SIRT1 activity 
with SRT1720 in TO cells resulted in increased BiP and 
decreased ATF4 and CHOP expression, whereas depressing 
SIRT1 activity by EX527 in OT cells led to reduced BiP and 
increased ATF4 and CHOP expression. Expression of the two 
independent siRNA in control OT cells against SIRT1 both 
reduced the expression of HSP70 and BiP (P<0.01), and 
increased the expression of the ER stress transducers 
(P<0.05) (Figure 4c). The addition of B12 reduced the 
expression of ER stress transducers despite the inhibition of 
SIRT1 expression, suggesting a protective effect of B12 on 
ER stress (Figure 4c). 

SIRT1 was also overexpressed to rescue the ER stress of 
the TO cells. Transient transfection with the SIRT1 plasmid 
increased SIRT1 protein level in TO (P< 0.001), but not in OT 
cells (P>0.05); this led to a significant reduction of the ER 
stress in TO cells, and therefore higher cellular proliferation 
evidenced by the extensively reduced P-IRE1a (P<0.05), 
p-PERK level (P<0.05) and Ki67 (P<0.05). These changes 
were most likely due to the increased HSPs expression 
(P<0.05) in TO cells (Supplementary Figures 4A and B), 
consequent to the augmented HSF1 protein level after SIRT1 
overexpression. 



Taken together, all these data suggest that the ER stress in 
B12-deficient cells is caused by a decreased SIRT1 expres- 
sion and a subsequently increased acetylation of HSF1. 

Overexpression in TO cells or knockdown of the HSF1 
function in OT cells can either rescue or aggravate the 
B12-associated ER stress. To evaluate further the direct 
role of HSF1 in B12-associated ER stress, we independently 
knocked down and overexpressed HSF1 in TO and OT cells. 
First, siRNA against HSF1 was used to knockdown the HSF1 
expression in both cells (Figure 5a and Supplementary 
Figures 5A and B). In TO cells, no effect of this knockdown 
could be discerned based on either the HSPs' expression or 
the ER stress markers. This I ack-of -effect could be 
accounted for by the fact that no further reduction in HSF1 
protein could be detected in TO cells. On the contrary, in OT 
cells, the same siRNA effectively knocked down HSF1 
expression (P<0.01), causing large increases in ER stress 
makers (P<0.05), presumably due to the significant con- 
sequential decrease of HSPs' expression (P<0.05). Sec- 
ondly, we overexpressed independently a constitutively 
active form of HSF1 (Hsf1-act) and a dominant-negative 
mutant form of HSF1 (Hsf1-inact) in both TO and OT cells via 
transient transfection (Figure 5b and Supplementary Figures 
5C-E). In TO cells, Hsf1-act transfection led to a higher 
HSF1 protein level (P<0.05) and as a result, increased 
HSPs' expression (P<0.05), and reduced ER stress 
(P<0.05) and apoptosis (P<0.05) were observed along 
with an increased cellular proliferation (P<0.05). No effect, 
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Figure 4 ER stress in B12-deficient cells stems from SIRT1 decreased expression. The levels of SIRT1 protein and transcript are lower in TO than in OT cells, 
respectively. Supplement with either B12 or SAM significantly increases SIRT1 level in TO cells (P< 0.001) (a). Modulation of the activity of SIRT1 via either an activator 
(SRT1 720, denoted as SRT here) in TO cells or an inhibitor (EX527, denoted as EX here) in OT cells alters the expression of ER stress markers: SRT in TO cells increases BiP 
expression and attenuates ATF4 and CHOP expression (P<0.05, P<0.01 and P<0.01 , respectively) (b); EX in OT cells decreases BiP expression and leads to increased 
ATF4 and CHOP expression (P<0.01, P<0.01 and P<0.05, respectively) (b). Reduced SIRT1 expression in control OT cells using two different siRNA against SIRT1 
(P< 0.001); both leads to decreased HSF1 and BiP expression (P<0.01 and P<0.01), as well as increased p-IRE1a and p-PERK expression (P<0.05 and P<0.05) (c). 
Data were compared by one-way ANOVA with Fisher's test, with n = Q in each group, and presented as means ± S.D. (*P<0.05; **P<0.01; ***p< 0.001) 
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however, could be detected when TO cells were transfected 
with the dominant negative Hsf1-inact construct. In OT cells, 
inverse effects were observed; no difference in ER stress 
was detected with the expression of the constitutively active 
Hsf1-act, whereas adverse effects were noted in OT cells 
transfected with Hsf1-inact construct. These included the 
reduction in HSPs' expression, increase in ER stress 
markers and the corresponding increase in apoptosis and 



decrease in cellular proliferation. Thirdly, we applied a 
pharmacological activator, celastrol, to increase the activity 
of the HSF1 protein and observed consistent results as cells 
transfected with Hsf1 constructs (Figure 5c and 
Supplementary Figures 6A and B). In TO cells, celastrol 
caused a significant increase in HSF1 protein level 
(P<0.05). This increase led to lower ER stress (all 
P<0.05), lower apoptosis (all P<0.05) and higher 
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Figure 5 Overexpression in TO cells or knockdown of the HSF1 protein in OT cells can either rescue or aggravate the B1 2-associated ER stress, (a) Whereas transfecting 
TO cells with siRNA against HSF1 results in no significant changes to either the ER stress or the apoptosis, the same transfection in OT cells leads to lowered HSPs 
expressions (all P<0.05) and consequently higher ER stress and apoptosis (all P<0.05), as well as lowed proliferation (P< 0.001). (b) Transfection with either a 
constitutively activated Hsf 1 (Hsf 1 -act) or a dominant negative Hsf 1 (Hsf 1 -inactive) construct shows similar results. In TO cells, positive effects are seen with the transfection of 
the Hsf 1 -act on HSPs expressions, ER stress reductions, apoptosis and proliferation, whereas no effect can be discerned when Hsf 1 -inactive construct is transfected into the 
same cells. In OT cells, adverse effects are seen only when the Hsf 1 -inactive construct is transfected into the cells and no difference can be detected with the transfection of 
the Hsf 1 -act construct, (c) Equally, the positive effects of celastrol, an activator for HSF1 , on HSPs expression, ER stress and apoptosis can only be seen in TO cells, but not in 
OT cells 



proliferation (Ki67, P<0.05). Moreover in OT cells, no 
difference could be found in either HSF1 protein expression 
or the downstream events including the HSPs' expression, 
level of ER stress, apoptosis and cellular proliferation. 

B12 reversed the activation of ER stress induced by 
thapsigargin. To evaluate the modulating effect of B12 on 
ER stress, we investigated its addition to cells subjected to 
thapsigargin (TG), an ER calcium pump inhibitor, which is a 
strong stimulator of ER stress. TG induced the activation of 
ER stress transducers, namely P-IRE and P-PERK, in 
control non-deficient OT cells, (P<0.05), but not in TO cells 
(Figures 6a, b and Supplementary Figure 7). Despite so, TG 
appeared to trigger further apoptosis in TO cells (Figure 6c). 
TG also reduced the protein expression of HSP70s in both 
TO and OT cells (Figure 6d), even though their transcription 
were actually elevated (Supplementary Figure 7). Similar 
reductions after TG treatment had been reported recently in 
cultured pancreatic ft cells and attributed to increased protein 
degradation by proteasome. 32 Vitamin B12 had a remarkable 



protecting effect against the ER stress induced by TG. The 
addition of B12 reversed both the activation of ER stress 
transducers (Figures 6a and b) and apoptosis (Figure 6c), 
and increased the expression of protein chaperons after TG 
treatment (Figure 6d). These protective effects of B12 were 
also observed in TO and OT cells treated with EX527, a 
SIRT1 inhibitor (Figure 7). 

The reduced SIRT1 expression is homocysteine-inde- 
pendent and is under the influence of methylation- 
dependent mechanisms. To address here whether homo- 
cysteine had a part in the ER stress triggered by the impaired 
cellular availability of B12, we evaluated the effects of 
homocysteine itself on SIRT1 expression. SIRT1 expression 
was increased in N1E115 cells after a relatively long-term 
homocysteine treatment (6-7 days at 15^M) (Figure 8a). 
This result allowed us to conclude that the low/moderate 
level of homocysteine produced in TO cells has no significant 
role in the SI RT1 -related ER stress response of the TO cells. 
In addition, no modification in ER stress markers was 
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Figure 6 TG elicits further activation on ER stress transducers in N1 E1 15 TO cells and shifts these cells toward apoptosis. P-IRE1 a increases in control OT cells after TG 
treatment (P< 0.01 ). Addition of B12 in the culture medium reduces this activation in both cell types (a, P< 0.05). More significant P-PERK activation is observed in control OT 
versus TO cells after TG treatment, whereas B12 reduces this activation in both cell types (P<0.01 ) (b). TG at 1 for 5 h induces significant increases in CHOP and cleaved 
caspase 3 expression in both cell types, and B1 2 reduces these expressions (P< 0.05 for all comparisons) (c). TG treatment reduces both the expression of BiP and HSP70 in 
both cell types (d). The same TG treatment induces significantly more BiP and HSP70 expression in TO cells (P<0.01). Data were compared by one-way ANOVA with 
Fisher's test, with n = 8 in each group, and presented as means ±S.E. (*P<0.05 and **P<0.01) 



observed in presence of methylmalonic acid (MMA) 
(Supplementary Figures 8A and B). We also tested the 
hypothesis that SIRT1 expression is mediated by a methyla- 
tion-dependent mechanism using adenosine-2',3'-dialdehyde 
(AdoX) as a methyltransferase inhibitor. 33 AdoX decreased 



SIRT1 transcription and translation in control cells, reduced 
the protein level of HSF1, HSP70, BiP and increased the 
protein level of ER stress transducers, as well as the 
transcription level of 'hypermethylated in cancer V (HIC1) 
(Figures 8b and c). 
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Figure 7 The effect of the activator and inhibitor of SIRT1 on the expression of ER stress markers is modulated by vitamin B12 in TO and OT cells. SIRT1 inhibitor, EX527, 
reduces the SIRT1 protein expression in both cell types (P<0.01) and B12 supplement reverses its effects on ER stress transducers, including P-PERK (P<0.05) and 
P-IRE1 a (P< 0.05 for all comparisons). B12 reverses also the expression of BiP after EX527 treatment in TO and OT cells (P< 0.05 for both cell types). Data were compared 
by one-way ANOVA with Fisher's test, with n = 8 in each group, and presented as means ± S.E. (*P<0.05 and **P<0.01) 



Discussion 

Previous studies in cells have demonstrated that the cellular 
availability of vitamin B1 2 is relevant to cellular proliferation. 6-9 
Evidences here show that ER stress participates in this 
process. Our data clearly show that impaired cellular 
availability of vitamin B12 produces this stress through an 
impaired expression of SIRT1 and a subsequent increased 
acetylation of HSF1. Indeed, the effect of B12 on ER stress 
was influenced by the different conditions of activity and 
expression of SIRT1 and HSF1 . Consistently, reduced SIRT1 
expression resulted in increased HSF1 acetylation in B12- 
deficient TO cells. Adding either vitamin B12 or SAM to TO 
cells restored the level of SIRT1 expression. The fact that a 
reduced SIRT1 expression occurred concurrently with an 
increased HIC1 expression in TO cells and that similar 
scenario to the B12 deficiency (i.e., reduced SIRT1, HSF1 
and HSP70s as well as increased ER stress) can be 
reproduced in control OT cells using the methylation inhibitor 
AdoX suggest the involvement of methylation. Indeed, SIRT1 
interacts with the BTB/POZ domain of HIC1 to form a 
transcriptional repression complex that prevents the transcrip- 
tion of SIRT1 itself 34 . Westerheide etal. 22 have demonstrated 
that SIRT1 affects the attenuation phase of heat shock 
response by deacetylating HSF1, and as a consequence 
potentiates the binding between HSF1 and heat shock 
promoter. Consequent to the reduced SIRT1 expression in 



TO cells, the increased acetylation of HSF1 accelerates the 
attenuation of heat shock response and leads to less than 
optimal amount of molecular chaperon needed for assuring 
proper cellular growth (Supplementary Figure 5). This in turn 
triggers the integrated stress response epitomized by the 
phosphorylation of elF2a in the B12-deficient TO cells. This 
increased P-PERK-dependent phosphorylation of elF2a is 
under the influence of vitamin B12. It is consistent with the 
increased expression of ATF4 observed in TO cells and is 
known to inhibit ER protein translation. 35 It is worth noting that 
the total HSF1 protein expression is significantly reduced in the 
TO cells. Although the exact reason for this decrease is not 
clear, the drop in SIRT1 protein level may also account for the 
downregulation of HSF1 36 Our own overexpression experi- 
ment using SIRT1 constructs (Supplementary Figure 4) 
certainly supports this idea. Heat shock response in senescent 
cells is associated to a reduced HSF1 protein level/activity 
caused by SIRT1 depletion and p53 activation. 36 HSF1- 
mediated heat shock response is an integral part of the 
network crucial for the health of the cellular proteome. A 
dysfunctional heat shock response logically triggers UPR of 
the ER attributable to the accumulation of misfolded proteins. 
In TO cells, these stress responses most likely culminate in 
apoptosis reflected by the increased expression of CHOP and 
cleaved caspase 3. Previous studies had established that high 
doses of homocysteine (ranging from 1 to 1 0 mM) could rapidly 
induce ER stress response with the upregulation of molecular 
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Figure 8 The reduced SIRT1 expression is homocysteine-independent and methylation-dependent. (a) SIRT1 expression increases after homocysteine treatment in both 
TO and OT cells (P<0.05 for both), whereas P-PERK activation is reduced in TO cells (P<0.05). (b) AdoX treatment in OT cells increases the protein expression of HIC1 
(P<0.05) and decreases the expression of SIRT1, HSF1 and BiP. It increases the expression of the two ER stress transducers, P-IRE1a and P-PERK (P<0.05 in both cell 
types), (c) Influence of SAM, vitamin B12 and the methyltransferase inhibitor AdoX on the relative abundance of SIRT1 and HIC1 transcripts in TO and OT cells. AdoX 
increases significantly the relative abundance of HIC1 transcript in TO cells (P< 0.001), which can be partially reversed by the addition of either SAM (P<0.01) or B12 
(P< 0.001). These same changes occur also in the control OT cells (upper panel). Inversely, AdoX treatment decreases the relative abundance of SIRT1 transcript in control 
OT cells only, and the addition of either SAM or B12 reverse this reduction in SIRT1 transcript (P<0.05 for both comparisons) (lower panel). Data were compared by one-way 
ANOVA)with Fisher's test, with n = 8 in each group, and presented as means ± S.E. (*P<0.05; **P<0.01 and ***P< 0.001) 
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chaperons such as Bi P. 11,12,37 In contrast, using a homo- 
cysteine application at a concentration consistent with the 
metabolic changes in TO cells, we observed an increased 
SIRT1 protein expression in both control and B12-deficient cells. 
The SIRT1 reduction in TO cells was thus not related to 
homocysteine accumulation. We also ruled out the participation 
of the MMA, a neurotoxin itself, in ER stress, as no modification 
in ER stress markers was observed (Supplementary Figure 8). 

One important implication drawn from our results is the 
modulating effect of vitamin B1 2 on ER stress. Our study here 
used TG as an activating agent for ER stress. In TO cells, TG 
treatment exerted no further activation on the ER stress 
transducers; instead, it swayed the cells towards apoptosis. In 
OT cells, TG activated significant ER stress and apoptosis. 
B1 2 supplement in both cell types restored the level of SIRT1 ; 
it thus reduced the activation of the ER stress transducers and 
apoptosis via increased expression of HSP70s. Interestingly, 
the beneficial effect of the supplemental B1 2 on ER stress was 
still present after decreasing either the expression or the 
activity of SIRT1. Thus, a reduction in bioavailable B12 
sensitizes cells to downstream assaults, and supplementation 
in B12 can reduce pre-existent ER stress. 

These beneficial effects of B12 supplement lend them- 
selves to investigations on possible neuroprotective effects 
and on the consequences of B12 deficiency in ER stress- 
related neurodegenerative disorders such as Parkinson's 
disease. 38,35 Parkinson's disease is the second most com- 
mon neurodegenerative disease related to aging. The 
environmental factors and the pathomechanisms that lead 
to Parkinson's disease are still unclear. 38 Recently, we have 
shown that in rat's substantia nigra an impaired metabolism of 
vitamin B12 in dopaminergic neurons can lead to apoptosis 
and account for the Parkinson-like phenotype in TO target- 
transfected rats. 8 Our results here indicate that the apoptosis 
of the TO-transfected dopaminergic cells is consequent to the 
mal-adapted ER stress response and are consistent with 
previous findings, suggesting the involvement of SIRT1 and 
ER stress for the loss of dopaminergic neurons. 39-44 The 
impact of vitamin B12-cellular deficiency on apoptosis of 
dopaminergic cells through the activation of ER stress thus 
highlights the importance of prevention against vitamin B12 
insufficiency prior to the incidence of diseases. Finally, our 
results may help to explain the association of vitamin B1 2 with 
Parkinson's disease in clinical studies. 45 Levodopa treatment 
of Parkinson's disease patients increases the consumption of 
SAM in the O-methylation of Levodopa catalyzed by catechol- 
O-methyltransferase (COMT). Consequently, in patients 
undergoing Levodopa therapy, the cellular deficiency in 
SAM could exacerbate vitamin B12 deficiency, and thus 
either escalate an existing ER stress or initiating an ER stress 
not present previously 46 

In conclusion, we have presented evidence indicating that a 
decreased cellular availability of B12 leads to ER stress 
activation mediated by decreased SIRT1 expression. This 
reduction in turn leads to both lower HSF1 expression and 
HSF1 hyperacetylation. These result in the precarious 
reduction of the molecular chaperons needed for a functional 
proteome in normal cellular growth (Supplementary Figure 9). 
This molecular mechanism could contribute to the neurode- 
generative effects of B12 deficiency in dopaminergic cells. 



Additionally, we have shown that B12 supplementation 
protects cells from the downward spiral of the ER stress- 
associated apoptosis in cells treated with TG. Accordingly, we 
suggest that adequate status of cellular B12 shall have 
beneficial/protective effect and thus can safeguard cells 
against any downstream attacks; on the other hand, in B12- 
deficient cells, UPR once activated will be shifted from 
adaptive towards apoptotic maladaptive end point. 

Materials and methods 

Cell culture and siRNA/plasmid transfections. N1E115 culture 
protocol was as described previously. 6,7 For stably transfected TO and OT cells, 
G418 at 1 mg/ml was included in the culture medium. The B12-binding capacity 
of the stably transfected cells were verified using radioactive Co 57 -CNB12 6 
before and right after the experimental manipulations to ensure that TO cells 
remained B12-deficient and OT cells remained as control. Hydroxycobalamin, 
SAM, AdoX, celastrol and SIRT1 inhibitor, EX527, were purchased from Sigma 
(Lyon, France). SIRT1 activator SRT1720 was obtained from Euromedex 
(Strasbourg, France). In cases where cells were treated either with hydro- 
xycobalamin (20 [M) or SAM (75 ^M), an incubation period of 5-7 days was 
applied. For TG, cells were treated for 5 h at 1 jM. For AdoX, we treated the cells 
only for 24 h at a concentration of 20 [M, as the typical 48 h treatment led to cell 
death in more than 90% of the population. For SRT1720, the cells were treated for 
8 h at 1 /M and for EX527, the cells were treated at 5 [M for 7 h. The 
homocysteine treatment included an application of homocystine for 6 consecutive 
days at a final concentration of 15 in the cell culture medium. For cells treated 
with celastrol, a concentration of 3 ^M was applied in cultured medium during a 
24 h period. For the MMA treatment, we incubated the cells in MMA (Sigma, Lyon, 
France) containing media for 7 days at concentrations of 1, 5 and 25 [M. 

In experiments where SIRT1 siRNA transfections were applied, two siRNAs 
obtained from Life Technologies (Saint Aubin, France) were used to confirm the 
specificity of the interference targeted to SIRT1 . The siRNA sequences are (sense 
strand indicated): siSIRTM: 5 / -GCUUGGAAGAUGAUACGGATT-3 / , siSIRT1-2: 
S'-GAAAACUACUUCGAAAUUATT-S', and a scrambled siRNA was used as the 
transfection control and designated as si non-targeting 5'-UUGAUGUGUUUA- 
GUCGCUA-3' (Applied Biosystems, Saint Aubin, France S96764 and S96765; 
10 nM final concentration). In experiments where HSF-1 and control siRNAs were 
used, the siRNAs were obtained from both Life technologies and Fisher Scientific 
(lllkirch, France). The siRNA sequences are (sense strand indicated): siHSFI— 1 : 5'- 
AG C A AAA AG U U G U C A AC AATT-3' . The siRNA duplexes were transfected with 
lipofectamine 2000 (Invitrogen, Saint Aubin, France) 24 h after plating the N1E115 
cells in 100 mm dishes at a density of 6 x 10 5 cells per dish. Two days post 
transfection, N1 E1 15 cells were harvested for protein extraction. The treatment with 
SAM or B12 was applied 48-72 h prior to transfection. 

In the overexpression experiments: SIRT1 and HSF1 plasmids are obtained from 
Addgene (Cambridge, MA, USA), and the pcDNA3-based plasmids of the active 
HSF1 and the inactive HSF1 plasmids were gifts from Dr. N Harrison (Columbia 
University, New York City, NY, USA). Hsfl-act has a long deletion of amino acids 
203-315 in the regulatory domain of HSF1, whereas the dominant-negative mutant 
form of HSF1 has a deletion of amino acids 453-523 located in the transcription 
activation domain. 47 

Western blot. To prepare total cell lysate, live cells were lysed directly with a 
solution containing sodium phosphate anhydrous dibasic, potassium dihydrogen 
phosphate, 150mM NaCI, 1% Nonidet P40, 0.5% sodium deoxycholate, sodium 
dodecyl sulfate and Complete Protease Inhibitors (Roche, Boulogne-Billancourt, 
France) after washing twice with ice-cold 1X PBS. Lysates were then subjected to a 
thermal shock followed by a centrifugation at 12000r.p.m. for 30min. The protein 
concentration of the supernatant was determined using BCA Protein Assay kit 
(Pierce, Brebieres, France) and BSA as standard protein. In general, 40 ^g of the 
total protein was loaded per lane for SDS-PAGE. Depending on the molecular 
mass of the protein, the stacking and the separating gel contained 4 and 6-12% of 
acrylamide, respectively. Proteins were electrotransferred onto PVDF membranes 
(Millipore, Molsheim, France) in 25 mM Tris buffer containing 192mM glycine and 
20% (vol/vol) methanol. The membranes were then blocked either with 5% non-fat 
milk or 5% BSA for 1 h at room temperature. The PVDF membrane was then 
incubated overnight with various primary antibodies (SIRT1, HSF1, BiP, IRE- 
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1 alpha, PERK, phospho-PERK, cleaved caspase 3, elF2 alpha, phospho-elF2 
alpha, CHOP, acetyl-lysine, GCN2, HSP90, HSP 27 (Cell Signaling, Saint Quentin 
en Yvelines, France), HRI, PKR, ATF-6 alpha (Santa Cruz, Nanterre, France), 
phospho-IRE-1alpha (Novus Biologicals, Montlugon, France), XBP (Biodesign, 
Memphis, TN, USA), HSP70 (Stress marq, Nanterre, France), ATF4 (Abnova, Le 
Perray en Yvelines, France), Ki-67 (Abeam, Paris, France) and p-actin (US 
biological, Strasbourg, France). Appropriate secondary antibodies conjugated to 
HRP were used for detection with ECL or ECL PLUS reagent (Amersham, 
Velizy-Villacoublay, France). 

Immunoprecipitation. Cell lysates were prepared as described previously 
in the western blot section above. Protein immunoprecipitation was done using 
an immunoprecipitation kit (Roche) following the manufacturer's recommendation. 
Briefly, an aliquot of cell lysate containing exactly 800 ^g of total protein was 
incubated with 50 fi\ G-sepharose beads at 4 °C overnight. Then, 5 ^l of anti- 
HSF1 (Cell Signaling) were incubated with the supernatant at 4 °C overnight. After 
washing the beads several times, the mixture was centrifuged at 12000 x g for 
20 s. The pellet was resuspended in 100 /u\ laemmli buffer. For repeated run, these 
100-jul aliquots were loaded per lane for SDS-PAGE gel electrophoresis followed 
by an immunoblotting against a primary antibody antiacetyl lysine (Cell Signaling). 

Immunoflorescence. Neuroblastoma cells were grown on slides for 48 h. 
Then, they were fixed with paraformaldehyde/saccharose for 10 min at 4°C and 
blocked with BSA for 1 h. Cells were incubated with various primary antibodies: 
HSF1, caspase3, Ki67, ATF6a (Imagenex, Port Coquitlam, BC, Canada) overnight 
in a humid chamber at 4°C under a gentle agitation. Slides were washed four 
times in BSA/PBST for 5 min then incubated with the secondary antibody for 1 h at 
room temperature under a gentle agitation. Detection of the nucleus was done 
with the nuclear fluorescent dye 4, 6-diamidino-2-phenylindole (DAPI) (0.43 ^g/ml 
in PBS; Sigma, Lyon, France). Finally, slides were washed four times in PBS and 
mounted using a minimal volume of faramount mounting medium (DAKO, 
Carpinteria, CA, USA). The immunostained cells were imaged using Nikon C2 
equipped with three laser lines (405, 488 and 543). The images were obtained 
with x 60 oil immersion lens. 

LCMSMS determination of homocysteine and MMA. For the 

determination of Hey and MMA, TO and OT cells (treated or not with SAM or 
B12) were seeded in 6-well plates. After 48 h of incubation, cells were scraped and 
centrifuged in the cell-medium suspension for 5 min at 15000 xg r.p.m. 
Subsequently, we aspirated the medium and used it for further LCMSMS analysis. 
Homocysteine and MMA were determined in cell media by LC-MS/MS using an 
Acquity UPLC (Waters, St. Quentin en Yvelines, France) and a triple quadripole 
mass spectrometer 4000 QTRAP (AB sciex, Courtaboeuf, France) as described. 7 
Quantification was made using calibration curves with correction against internal 
standard peak area. 

Real time PCR. Total RNA was extracted using Rneasy plus Mini Kit 
(Qiagen), including DNase digestion. Reverse transcription was done by using 
the iScript cDNA Synthesis System (Bio-Rad, Marnes-la-Coquette, France) 
Quantitect Reverse Transcription kit (Qiagen, Paris, France). Quantitative PCR 
was performed using SYBR Green I Master Mix buffer (Applied Biosystems, Saint 
Aubin, France), Quantitect SYBR Green PCR kit from Qiagen and reactions were 
run on an iCycler (Bio-Rad, Marnes-la-Coquette, France) using a three-step 
standard protocol: activation of HotStartTaq DNA polymerase at 95°C/15min; 
PCR was performed in 40 cycles (one cycle = denaturation at 95°C/10s, 
annealing 56-57 °C/1 5 s, extension at 72°C/10s). Either RPS29 or actin was 
used as an internal standard, and differences in expression were calculated using 
the following formula: 

(1 + efficiency (gene to study)) 01 standard " ct sam P |e 

(1 + efficiency (reference gene)) ct standard " ct sam P |e 

The oligonucleotides used are as follows: 

SIRT1: forward: S'-GACGATGACAGAACGTCACAC-S'; reverse: 5'-CGAG 
GATCGGTGCCAATCA-3'; CHOP: forward: 5'-GTCCCTAGCTTGGCTGACA 
GA-3';reverse: 5'-TGGAGAGCGAGGGCTTTG-3'; BiP: forward: 5'-ACTTGG 
GG ACCACCTATTCCT-3' ; reverse : ^-CGAGGATCGGTGCCAATCA-S'; ATF4: 
forward: 5 , -ATGGCGCTCTTCACGAAATC-3 / ; reverse: 5'-ACTGGTCGAAGGGG 
TCATCAA-3'. 

HSP70: forward: 5'-GCGTGGGGGTATTCCAACAT-3'; reverse: 5'-TGAGAC 
GCTCGGTGTCAGT-3'. 



HIC1: forward: S'-GGCCATTCGAGGCAGCTAC-S'; reverse: 5'-AGGTTTAGCA 
GGTTGTCATGC-3'. 

Statistics. Data were analyzed with Stata 12.0 software (StataCorp, College 
Station, TX, USA) and reported as means ± S.E. Data were compared by one-way 
analysis of variance (ANOVA) with Fisher's test. A P-value <0.05 was considered 
to indicate statistical significance. Results are denoted by asterisks in figures 
(*P<0.05; **P<0.01 and ***P<0.001). 
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